The extraction of Na + , Ni 2+ , and Cr 3+ using six different membranes made of polyaniline composited with high-impact polystyrene, which differ in the doping agent and/or the preparation method, has been investigated. The swelling and ion-exchange capacities of the six polyaniline composited with high-impact polysterene (HIPS/PAni) membranes have been determined and compared with that of the commercial Selemion membrane. Electrodialysis tests using a five-compartment cell evidenced that the extraction of ions depends on the electronic structure of the SO 3 -groups, which is modulated by the doping agent, and on both microstructure and electrical resistance of the membrane, which are regulated by the preparation method. The transport of ions through HIPS/PAni and Selemion membranes was found to be comparable. Quantum mechanical calculations on model complexes have been performed to characterize the electronic structure of the dopants. Results indicate that the strength of the interaction between the different doping agents and the polyaniline is inversely proportional to the concentration of negative charge in the SO 3 -group of the former. Moreover, both the binding energy and the distribution of charges calculated for dopant · · · PAni complexes have been compared with those predicted for dopant · · · metallic ion complexes.
Introduction
Conducting polymers (CPs), that is, electroactive conjugated polymers, are organic materials with an enormous projection because their properties are useful for a wide number of potential technological applications. [1] [2] [3] [4] Among these materials, polyaniline (PAni) is particularly interesting because of its high chemical and environmental stabilities, remarkable electrical conductivity in the doped state, easy processability, and low cost. Thus, in the last few years PAni has been successfully used for a wide variety of applications: anticorrosive additive for organic coatings, 5, 6 solid state ion-selective electrodes, 7 electrochromic devices for optical displays, 8, 9 chemical sensors and biosensors, 10, 11 electrochemical capacitors, 12, 13 and ionselective membranes for electrodialysis. [14] [15] [16] [17] Electrodialysis with ion-selective membranes is an advanced separation technology that is currently used in different fields: concentration of seawater to produce edible salt, desalination of saline water, separation of ionic materials from nonionic materials, recovery of metal ions contained in the effluents produced by the galvanic industry, and so forth. This technology is based on the use of an electric field as a driving force to transport ions from one solution to another through an electrodialysis stack, which is constituted by cation-and anionselective membranes alternatively arranged. Within this field, some of us have prepared and examined the performance of cationic membranes made of PAni composited with high-impact polysterene (HIPS/PAni) for the treatment of zinc solutions, which is frequently present in industrial effluents. [15] [16] [17] HIPS was used to impart mechanical resistance to the membrane since the mechanical properties of PAni are very poor.
Membranes were prepared with a screw extruder mixing mechanically a HIPS and PAni emeraldine base (EB), which was doped with dodecylbenzenesulfonic acid (DBSA), ptoluenesulfonic acid (TSA), and canphorsulfonic acid (CSA). 15, 16 The swelling and ion-exchange capacities, chemical stability, electrical conductivity, thermal behavior, and electrodialysis were determined for the produced membranes. Results indicated that membranes in which PAni was doped with CSA and TSA present good Zn 2+ transport as well as percent extraction compared to the commercial membrane Nafion 450, while the membrane with DBSA has a low transport number of Zn 2+ ions. More recently, the same membranes were prepared by dispersing tetrachloroethylene solutions of HIPS and doped PAni. 17 In all cases ion transport was found to be better for membranes prepared by solvent dissolution than for those produced by mechanical mixture in screw extruder, even though the best results were obtained when CSA was used as a doping agent.
The aim of this work is to examine and rationalize the influence of the oxidation state in the ion transport through the HIPS/PAni composite membranes. Specifically, we investigated the extraction of Na + , Ni 2+ , and Cr 3+ using six different membranes, which were obtained considering two preparation methods (mechanical mixture and solvent dissolution) and three doping agents for PAni (DBSA, CSA, and TSA). Moreover, the results of the produced membranes have been compared with those of commercial Selemion membrane. In addition to the experimental developments required for this investigation, which involve the preparation and characterization of the membranes, and the electrodialysis assays, a complementary theoretical study using density functional theory (DFT) and ab initio quantum mechanical calculations has been carried out to provide helpful information at the microscopic level and to rationalize the observations. More specifically, the strength of the interaction between the dopant and the CP and the charge transfer from the former to the latter have been examined by analyzing the following complexes: CSA · · · PAni, TSA · · · PAni, and PBSA · · · PAni, where the CP have been represented using model molecules containing two, four, and six repeating units. In addition, CSA · · · M, TSA · · · M, and PBSA · · · M complexes with M ) Na + , Ni 2+ , and Cr 3+ have been investigated to get microscopic information of the interaction between the dopant and the different metallic ions.
Methods
Membrane Preparation. Aniline (nuclear), (NH 4 ) 2 S 2 O 8 (Synth), HCl (nuclear), and NH 4 OH (Synth) were used in the PAni EB synthesis, which was performed using a standard method reported elsewhere. 18, 19 The resulting polymer was doped with DBSA (Lavrex), CSA (Aldrich), or TSA (Vetec) considering a concentration of 1.5 M in all cases and stirring the solution for 24 h.
Membranes were prepared using two different procedures to mix HIPS (Innova S.A.) and PAni, which allowed us to evaluate the effect of the production method. In the first method, hereafter denoted the mechanical mixture, HIPS (8 g) and PAni (2 g) were mixed in a MH-100 mixer and then pelletized. For film preparation, pellets were pressed in a Carver model C heating press at 180°C to avoid decomposition. In the second method, denoted solvent dissolution, HIPS (8 g) and PAni (2 g) were dissolved in 25 mL of tetrachloroethylene (synth), a common solvent for both materials. After dissolution, PAni was dispersed in the HIPS matrix for 30 min using a Fisaton mixer at 1500 rpm. The membranes were modeled on glass plates using a laminator to keep thickness constant, and the solvent was evaporated slowly for 24 h under room temperature. Table 1 lists the abbreviations used to denote produced membranes, specifying the preparation method and the organic dopant in each case.
Membrane Characterization. Membranes were equilibrated in deionized water at room temperature for 24 h. The excess of water was removed with filter paper, and the membranes were weighed and kept in an oven at 80°C for 12 h and then weighted again. The uptake of water was determined by the mass difference between the wet and the dried membranes (after heating at 80°C). Water absorption has been expressed in percentage. [20] [21] [22] To determine the ion-exchange capacity (IEC), the membranes were equilibrated in 100 mL of 1 M HCl solution for 72 h. After that, they were removed from the solution, and the excess of acid was eliminated by washing with distilled water. Next, membranes were immersed in 1 M NaCl to exchange H + by Na + , three renewed solutions being used in this process. The amount of H + in such three solutions was determined by titration with 0.005 M NaOH. The IEC was expressed in milliequivalents of H + per gram of dry membrane.
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Electrodialysis. NaCl, NiCl 2 , and CrCl 3 (Vetec) were used in the electrodialysis tests. Assays were conducted using a fivecompartment cell, as shown in Figure 1 . Platinized titanium electrodes were used as the anode and cathode. The volume in all compartments was 500 mL. Membranes were immersed in the working solutions for 48 h to reach the equilibrium. A pseudostationary state was achieved with a 15 min preelectrodialysis assay. After this, solutions were replaced by new ones, and the experiment was restarted. Solutions were prepared with distilled and deionized water. The anionic membrane was a Selemion AMT (Asahi Glass Co.), while the cathodic membranes were those prepared in this work and the commercial Selemion (Asahi Glass Co.), which was used for comparison.
Tests were conducted by applying a current density of (3 and 5) mA · cm -2 for the membranes prepared by solvent dissolution and by pressing the mechanical mixture, respectively. Assays took 240 min for each one, and all of them were conducted at room temperature. The effective area of the membranes was 10 cm Polarization CurWes. The limiting current density (i lim ) was derived from the variation of the membrane potential (φ m ) against the applied current density (i). 23 The i-φ m curves were obtained in a five-compartment electrodialysis cell (Figure 1 ), constituted by an ion-selective membrane separating two compartments filled by the same electrolyte solution. The value of i was increased every two minutes, and the corresponding φ m was determined using two reference electrodes put close to the surface of the membrane.
Chemical Analyses. Flame photometric determinations with a Digimed DM-61 flame photometer were used to obtain the concentration of Na + . On the other hand, the concentration of Ni 2+ and Cr 3+ was obtained by potentiometric titration and atomic absorption (Jasco model 7800), respectively.
Quantum Mechanical Calculations. To model the interactions between PAni-ES and the doping agents, the CP was described using model molecules in the radical cation state that involved two, four, or six phenyl-nitrogen (Ph-N) repeating units blocked at one end by a hydrogen atom and at the other end by a nitrogen atom in the amine form. These models of PAni correspond to x ) 0, 1, and 2 in Scheme 1 and have been denoted 2-PAni, 4-PAni, and 6-PAni, respectively, that is, (2x Figure 1 . Five-compartment cell used for electrodialysis.
+ 2)-PAni. The deprotonated forms of the CSA and TSA were represented explicitly, while pentylbenzenesulfonate (PBSA) was used to model deprotonated DBSA. The reduction of the dodecyl group to the pentyl one is based on a recent study devoted to model the interaction between alkylsulfonate anions and PAni-ES, in which we showed that the strength and the electronic characteristics of such interaction is not affected by the length of the alkyl group. 24 The chemical structures of the deprotonated forms of CSA, TSA, and PBSA are included in Scheme 1.
Initially, complete geometry optimizations of the oligoanilines and the doping agents were performed separately. After this, the interaction between each dopant and (2x + 2)-PAni was examined by performing complete geometry optimizations of complexes with the anion arranged with respect to the reactive center of the oligoaniline as in Scheme 1. DFT calculations were performed using the Becke's three-parameter hybrid functional (B3) 25 combined with the expression developed by Lee, Yang, and Parr (LYP) for the nonlocal correlation. 26 The unrestricted formalism of this exchange-correlation functional (UB3LYP) was combined with the 6-31G(d) basis set. 27 The S-O · · · H-N interaction between the dopant and (2x + 2)-PAni was characterized using the following geometric parameters:
On the other hand, complete geometry optimizations of CSA · · · M, TSA · · · M, and PBSA · · · M complexes with M ) Na
, and Cr 3+ were performed using both the UB3LYP 25, 26 and UMP2 28 quantum mechanical methods combined with the 6-31G(d) 27 and 6-31+G(d,p) 29 basis sets, respectively. Thus, as the SO 3 -groups are responsible for the ionic transport in HIPS/PAni membranes, a comparison between the electronic characteristics of this moiety in dopant · · · (2x + 2)-PAni and dopant · · · M complexes is highly desirable.
For each dopant · · · (2x + 2)-PAni and dopant · · · M complex, the interaction energy, ∆E int , was evaluated as the difference between the energy of the complex and the sum of the energies calculated for the isolated fragments. The basis set superposition error (BSSE) derived from the use of a limited basis set was taken into account by correcting the ∆E int values with the counterpoise method. 30 The distribution of charges in the complexes was evaluated by applying full natural bond orbital (NBO) analyses 31, 32 to the calculated UB3LYP/6-31G(d) and UMP2/6-31+G(d,p) wave functions. The occupation numbers of the natural atomic orbitals led to the NBO charges. All calculations were carried out using the Gaussian 03 computer program. 33 
Results and Discussion
Swelling and Ion-Exchange Capacities. The dimensional stability and the resistance to ion transport through the membrane increase as the affinity of the polymer to water decreases. 22 Table 2 displays the thickness and the swelling capacity for the six HIPS/PAni membranes as well as for the commercial Selemion membrane. Water absorption is higher for the membranes produced in solution ((7 to 12) % for MCS, MDS, and MTS) than for those obtained by mechanical mixing ((4 to 5) % for MCP, MDP, and MTP), although the former are thicker than the latter. This behavior is consistent with the tubular microchannels previously observed by scanning electron microscopy for the membranes prepared by solvent dissolution. 17 Thus, membranes obtained by pressing the mechanical mixture are less porous than those produced by evaporating the solvent of solution dispersions. On the other hand, the swelling is higher for the TSA-doped membranes than for those containing DBSA and CSA, which should be attributed to the higher hydrophilicity of the former acid. In spite of this, the water uptake is one order of magnitude higher for the Selemion membrane than for the HIPS/PAni ones in all cases with exception of the MTS, in which the difference decreases to 8 %.
The IEC measured for HIPS/PAni and Selemion membranes are included in Table 2 . As it can be seen, the IEC is relatively similar for all of the HIPS/PAni membranes, which is consistent with the fact that the concentration of PAni is identical in all cases, that is, the amount of SO 3 -functional groups acting in the transport of ions is the same in all of the HIPS/PAni membranes. The slightly higher IEC values found for the MCS and MTS membranes (0.20 and 0.17, respectively) should be attributed to the hydrophilic character of the CSA and TSA dopants combined with the porous structure of the membranes produced in solution. On the other hand, the IEC determined for the Selemion membrane is around five times higher that those for the HIPS/PAni ones.
Polarization CurWes. The electric resistance of the membranes prepared by mechanical mixing was very high [(11.0, 6.2, and 9.6) Ω · cm , and Cr 3+ were only recorded for the latter membranes as well as for the commercial Selemion one, the results being compared in Figure 2 . All of these profiles show the three characteristic regions of ion-selective membranes. In the first region, which occurs at low i values, the linear relation with φ m indicates the quasi-equilibrium state in the interface between the membrane and the solution. Such a linear tendency is lost in the second region, allowing identify the limiting current (i lim ) value in each case. The values of i lim obtained for the different membranes are displayed in Table 3 . The change in the behavior of the membrane potential is due to the concentration polarization, which is produced by the difference between the ionic transport in the solution and in the membrane. Thus, while the i-φ m relationship is governed by the Ohm's law when i is low, an appreciable potential rise Scheme 1 is detected at above i lim . The current density surpasses the value of i lim in the third region. This increment should be attributed to other processes (e.g., chemical dissociation of water molecules, exaltation of ions, gravitational convection, and electroconvection) accompanying the polarization produced by the variation in the concentration of ions. 34 The i lim used for the electrodialysis assays with the MCS, MDS, MTS, and Selemion membranes was 3 mA · cm -2 , which approximately corresponds to 70 % of the i lim values determined for the three examined ions (Table 3) . Na
, and Cr 3+ Extraction. , respectively). Unfortunately, electrodialysis assays using the membranes produced by mechanical mixture were only possible in a few cases (see Table 3 ), in which the applied current density was increased from (3 to 5) mA · cm -2 , because of their high electric resistance. However, it should be emphasized that the Na + and Ni 2+ percent extraction of the MCP membrane (10.3 % and 15.4 %, respectively) was very similar to that of the Selemion (10.4 % and 20.4 %, respectively) under identical experimental conditions. The differences showed by the different membranes in the extraction of Na + , Ni 2+ , and Cr 3+ should be mainly attributed to two factors: (i) the doping agent and (ii) the procedure used to produce the membrane. The only chemical difference among the membranes produced in this work corresponds to the doping agent, since the HIPS:PAni ratio is identical in all cases. Thus, TSA and DBSA are aromatic acids, while CSA is a cyclic acid. This chemical difference may affect the electronic structure of the SO 3 -groups, which are responsible of the ionic transport, or even the interaction between these groups and the nitrogen atoms of PAni. On the other hand, the alkyl group of DBSA may induce unfavorable steric interactions, altering the ionic transport. This is consistent with the percent extraction of Na + and Ni 2+ , which was significantly lower through the MDS than through the MTS and MCS, respectively. However, the extraction of Cr 3+ through the MDS membrane was the highest. The method used to produce the membrane has also a notable influence on the performance of the membrane. Thus, a comparison of the membranes produced in solution indicates that the extraction of Na + is considerably higher for the MTS than for the MCS and MDS, while among the membranes prepared by mechanical mixing the ionic transport through the MTS is significantly lower than through the MCP and MDP.
Quantum Mechanical Calculations on Dopant · · · (2x + 2)-PAni Complexes. Table 4 lists the counterpoise corrected interaction energies, ∆E int , computed for CSA · · · (2x + 2)-PAni, TSA · · · (2x + 2)-PAni, and PBSA · · · (2x + 2)-PAni complexes, with x ) 0, 1, and 2 (Scheme 1). As it can be seen, the ∆E int values range from (-373.7 to -380.0) kJ · mol , from (-296.6 to -305.9) kJ · mol -1 , and from (-276.5 to -286.2) kJ · mol
for complexes with x ) 0, 1, and 2, respectively. Thus, the strength of the dopant · · · (2x + 2)-PAni interaction decreases . b Not determined due to the electrical resistance of the membrane. c i ) 3 mA· cm -2 , area of the membrane ) 10 cm
, area of the membrane ) 10 cm 2 .
when x increases, this reduction being due to the spread of the positive charge through π-system of the oligoaniline chain. 35 In spite of this effect, the ∆E int gap remains practically unaltered in all cases, that is, the gap is (6.3, 9.2, and 9.6) kJ · mol -1 for complexes involving 2-PAni, 4-PAni, and 6-PAni, respectively. The variation of the strength of the interaction with x is consistent with the values of d H · · · O and <N-H · · · O, which are included in Table 4 . Moreover, a detailed inspection of the ∆E int values reveals that the energetic preferences of the oligoanilines toward the different dopants do not depend on the size of the former, the strength of the interaction following the same order for complexes with x ) 0, 1, and 2: TSA ≈ PBSA > CSA. On the other hand, the geometry of the optimized complexes is illustrated in Figure 3 , which displays the three complexes obtained for x ) 1. Table 5 shows the total charge of dopant molecule (Q T ) for the calculated dopant · · · (2x + 2)-PAni complexes. As can be seen, in the complexes Q T ranges from -0.822 to -0.875 units of electron indicating that the dopant transmits approximately 0.129 to 0.178 units of electron to the oligoaniline. Moreover, such a charge transfer effect systematically decreases when the size of the oligoaniline increases. A more detailed analysis of the charge reveals subtle but systematic differences between CSA and the two dopants with aromatic groups, which follow an almost identical behavior. Thus, Q SO 3 and Q X , which correspond to the charges on the SO 3 -moiety and the rest of the dopant molecule (X in Scheme 1), respectively, reflect that the concentration of negative charge in the SO 3 -moiety is slightly larger, that is, around 0.04 to 0.05 units of electron, in complexes with CSA than in complexes with TSA and PBSA, this trend being completely independent of the size of the oligoaniline. Accordingly, the strength of the interaction in dopant-PAni complexes decreases when the concentration of negative charge on the SO 3 -group increases. , and Cr 3+ were performed at both the UB3LYP/6-31G(d) and UMP2/6-31+G(d,p) levels, the latter method being expected to provide a more reliable description of complexes involving metallic ions. The counterpoise corrected ∆E int values, which are listed in Table 6 , indicate that the two theoretical levels provide similar results from a qualitative point of view, although significant quantitative differences are detected. Thus, the ∆E int values obtained using the UB3LYP method are overestimated with respect to those derived from UMP2 calculations, this effect increasing rapidly with the charge of the metallic ion. In spite of this, the two theoretical methods predict that the highest binding affinity of Na
Quantum Mechanical Calculations on Dopant
, and Cr 3+ corresponds to the CSA, TSA, and CSA doping agent, respectively. Table 7 lists the values of Q T , Q SO 3 , and Q X for the dopant molecule in the dopant · · · M complexes calculated at the UMP2/ 6-31+G(d,p) level. As can be seen, the Q T values indicate that CSA, TSA, and PBSA transfer a negative charge to the metal + 2)-PAni Complexes with x ) 0, 1, and 2 Obtained at the UB3LYP/6-31G(d) Level cations when forming the complexes, the amount of charge being bigger as the charge of the cation increases. Moreover, for a given M, the charge transferred is almost independent of the dopant. On the other hand, the Q SO 3 quantities listed in the table point out that the concentration of negative charge in the SO 3 -moiety is generally higher in complexes with CSA than in complexes with TSA and PBSA, which is consistent with the results obtained in dopant · · · (2x + 2)-PAni complexes.
Conclusions
Six different HIPS/PAni membranes have been produced using three different doping agents (DBSA, CSA, and TSA) and two preparation methods (mechanical mixture and solvent dissolution). The most remarkable results derived from their characterization can be summarized as follows: (i) the membranes produced in solution showed a higher absorption of water than those prepared by pressing the mechanical mixture; (ii) the swelling capacity was higher for the membranes doped with TSA than for those doped with DBSA and CSA; and (iii) the IEC was similar for the six HIPS/PAni membranes. However, both the water uptake and IEC of the commercial Selemion membrane were the highest.
For the membranes prepared in solution, the i lim used for the electrodialysis assays, 3 mA · cm -2 , was derived from the i-φ m curves obtained in a five-compartment cell. The largest transport of Na
, and Cr 3+ was found for the MTS, MCS, and MDS, respectively, the percentage extraction in these membranes being comparable to those obtained for the Selemion. Measure of the extraction of ions through the membranes produced by mechanical mixture was only possible in a few cases because of their high electric resistance. The overall experimental results evidenced that the transport of ions through the HIPS/PAni membranes depends on both the doping agent and the preparation method. Thus, the preparation method determines the porosity and electrical resistance of the membranes, while the dopant affects the electronic structure of the SO 3 - , and Cr 3+ the strongest interaction is obtained for CSA, TSA, and CSA, respectively. In both dopant · · · (2x + 2)-PAni and dopant · · · M complexes, the largest concentration of negative charge in the SO 3 -moiety of the dopants is found in the complexes with CSA. 6-31G(d) and UMP2/6-31+G(d,p) in Scheme 1), on the group X, and on the SO 3 -moiety, respectively. Charges are in atomic units.
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